) that contains different arms for specifically "grabbing" the T-cells and cancer cells; as such, the Tcells are activated upon target engagement and the killing begins. Here, a Nucleic Acid mediated Protein-Protein Assembly (NAPPA) approach is implemented to construct a MsAb for T-cell engaging and tumor killing. Anti -CD19 and -CD3 single-chain variable fragments (scFvs) each are conjugated to different L-DNAs with sequences that form the Holliday junction, thus allowing spontaneous assembly of homogeneous protein-DNA oligomers containing two anti-CD19 and one anti-CD3 scFvs. The new MsAb shows strong efficacy in inducing Raji tumor cell cytotoxicity in the presence of T-cells with EC50 ~ 0.2 nM; it also suppresses tumor growth in the Raji xenograft mouse model. The data indicate that MsAbs assembled from protein-DNA conjugates are effective macromolecules for directing T-cells for tumor killing. The modular nature of the NAPPA platform allows rapid generation of complex MsAbs from simple antibody fragments, while offering a general solution for preparing antibodies with high-order specificity.
The essence of bispecific antibody (BsAb) is that two different antigen binding domains are physically linked such that they can engage multiple cells presenting different antigens, and many creative methods have been developed to achieve this property 1, 2 . In many of the early proof-of-concept studies, BsAbs were generated by chemically crosslinking two different IgGs or Fabs using bifunctional crosslinking reagents that react specifically with the thiol and primary amine groups of the antibody 3, 4 . Although several of BsAbs prepared in this way have advanced to clinical trials [5] [6] [7] , large majority of BsAbs currently being developed are generated with recombinant antibody engineering. Over 100 different formats of multispecific antibodies (MsAbs) have been engineered based on the immunoglobulin G (IgG) or its components (reviewed in Ref 1 ), some containing the Fc and others do not. Well-known examples of Fc-less formats are tandem single-chain variable fragments (scFvs) 8 and tandem nanobodies 9 . Among them, the bispecific T-cell engager (BiTE) consisting of tandem anti-CD19 and anti-CD3 scFvs (blinatumomab) is the first FDA approved BsAb, used for treating acute lymphoblastic leukemia 10, 11 . Natural IgG containing the Fc is symmetric. To introduce bispecific or asymmetric property to the IgG, a variety of methods have been developed to favor heterodimeric heavy chain pairing. A few prominent examples are knob-into-hole 12 , structural-based mutagenesis 13 , and electrostatic steering 14 that favors heterodimerization or disfavors homodimerization of the Fc. Further, combining the knob-into-hole and appending one of the two arms of the IgG with another scFv or Fab allows the assembly of trispecific antibody 15 .
The above are only a few examples of BsAb engineering. The fact that many of the BsAbs with different sizes and forms all showed strong ability to mediate T-cell engaging suggests that if the antibody domains targeting different antigens stay intact within a molecular framework, the form of the framework may not be so important as long as it does not place the antigen-recognition domains too far apart.
Inspired by the previous works, we implemented a nucleic acid mediated proteinprotein assembly method 16 , designated NAPPA, to construct MsAbs to drive T-cell -tumor cell engagement and tested the in vitro and in vivo efficacy of the new molecular complexes.
In this implementation (illustrated in Figure 1 ), scFvs targeting different antigens each were chemically conjugated, at their C-termini, to a 30-base DNA that was designed to pair with DNAs linked to other scFvs, and the scFv-DNA conjugates were purified separately. Hence, in this format, the scFvs are the antigen binding modules (ABMs) and DNAs are the assembly modules. We could then assemble the multi-specific scFv oligomers by simply mixing the pre -purified and -stored scFv-DNAs at the designated molar ratio. Owing to the accuracy of 19 . Second, the DNA is conjugated to the C-terminus of the scFv so that it is less likely to interfere with the complementarity-determining regions (CDRs). Finally, the length of DNAs should be set such that the melting temperature (Tm) of each of the paired doublestranded segments is greater than 50°C, to ensure the stability of the oligomeric complex.
Based on the above considerations, we constructed a MsAb containing two anti-CD19 scFvs (scFv CD19 ) and one anti-CD3 scFv (scFv CD3 ), gathered in a DNA four-way junction complex (Figure 2a) , designated NAPPA001.
The sequence of the scFv CD19 was taken from the CD19-CD3 bispecific antibody Blincyto ® , which is the first FDA-approved BsAb for use in cancer immunotherapy 10 . The scFv CD3 sequence used here is from the anti-CD3 mAb OKT3 20 . The scFvs, all containing a free cysteine at the C-terminus (scFv-C) for DNA conjugation, were expressed in Escherichia coli as a C-terminal fusion component to the polyhistidine-tagged maltose binding protein (H6-MBP). A TEV cleavage site was inserted between MBP and scFv for separation of the two during purification. The purification of the scFv-DNA conjugates was straightforward (details described in Supporting Information). Briefly, the H6-MBP-scFv-C was purified using amylose affinity and treated with TEV enzyme to release strep tagged-scFv-C (scFv-C). The scFv-C was purified by size exclusion chromatography, followed by conjugation to L-DNA at its C-terminal Cys (Figure 2b) . For chemical conjugation, the 5' end of the L-DNA was first linked to the PEGylated SMCC bifunctional linker via a reaction of a primary amine on the L-DNA with the NHS ester of the linker. The purified SMCC-PEG2-L-DNA was then linked to the scFv-C via a reaction of the SMCC maleimide with the free thiol of the fusion protein.
The reaction mixture was then subject to Strep-Tactin affinity chromatography for removing free DNA. In the final step, ion-exchange chromatography was used to remove proteins not conjugated to DNA, yielding pure scFv-L-DNA. Reducing agent (10 µM TCEP) was used throughout all purification steps before conjugation reaction to keep C-terminal free Cys reduced.
Following the above protocol, we prepared three scFv-L-DNAs: two scFv CD19 linked to DNAs 1 and 2, respectively, and one scFv CD3 linked to DNA4 (DNA sequences shown in Nuclease diggestion tests showed that the assembled L-DNA tetramer was completely resistant to DNAse I, T7 endonuclease, S1 nuclease, and Exonuclease I, whereas that assembled with corresponding D-DNAs was degraded rapidly (Figure 2d) . We have also shown that the assembled L-DNA tetramer is stable in fetal bovine serum ( Figure S1) . (Figure 3a) . Although NAPPA001 was generated from two scFvs with relatively low affinity (KD ~10 -7 M) ( Figure S2) , it showed powerful target cell killing with a EC50 of ~0.2 nM after two days of incubation. Independent control experiments have been performed to address the possibility that multivalent antibody binding alone can be toxic to lymphoma cells 21 . These experiments showed that 1) the NAPPA001 does not induce Raji cell lysis in the absence of hPBMC (Figure S3) , 2) the unassembled scFv CD19 and scFv CD3 in the absence or presence of L-DNA Holliday junction also do not induce significant cytotoxicity in the presence of hPBMC (Figure S3) , and 3) scFv CD19 -scFv CD3 BsAb assembled with L-DNA duplex can induce Raji cell lysis in the presence of hPBMC (Figure S3 ), thus confirming that the cytotoxicity was due to T-cell redirecting mediated specifically by the MsAb. In another experiment, the T-cells were activated by the presence of 10 pM NAPPA001 according to the increased expression level of CD25, a biomarker for late stage T-cell activation (Figure 3b) . Further, cell surface expression of the costimulatory receptor 4-1BB was also upregulated by the MsAb treatment (Figure 3b) , giving rise to the possibility of further leveraging T-cell activity through simultaneous activation of 4-1BB with our flexible MsAb platform.
A similar scFv-L-DNA oligomer was constructed to engage T-cells against the CEA + LS174T cells, which is a model cell line for solid tumor -human colorectal adenocarcinoma.
In this case, the NAPPA001 (Figure 2a ) was modified to specifically target CEA (carcinoembryonic antigen) by replacing the two anti-CD19 scFvs with two anti-CEA scFvs, derived from PR1A3 (a mouse anti-human CEA antibody) 22 . Using the same E:T ratio of 10:1, the new MsAb, (scFv CEA )2-scFv CD3 (designated NAPPA002) showed target cell killing with EC50 of ~1.0 nM after two days of incubation (Figure 3c) .
To test whether the scFv-L-DNA complex can be absorbed into animal bloodstream and distributed to the tumor sites via the circulatory system, we examined its antitumor activity in mice in a subcutaneous CD19 + Raji xenograft model. In this study, the cultured Raji cells were cografted with hPBMC at E:T ratio of 4:1. Mixed cells were injected subcutaneously in immunodeficient NSG mice. The (scFv CD19 )2-scFv CD3 (given at 10 µg/mouse) or vehicle (PBS) was administered intravenously twice per week for four weeks starting 3 days after tumor/hPBMC co-grafting. The results indicate that mice treated with NAPPA001 almost completely suppressed tumor growth until the end of the study (37 days), in contrast to the rapid tumor growth in the control group (treated with PBS) (Figure 4a) . NAPPA002 ((scFv CEA )2-scFv CD3 ) was also tested for efficacy in mice using a similar protocol. In this case, CEA + LS174T cells were cografted with hPBMC at E:T ratio of 5:1, and NAPPA002 (given at 20 µg/mouse) or vehicle (PBS) was administered intravenously twice per week starting 3 days from co-grafting for 1.5 weeks. The results show that mice treated with NAPPA002 also significantly suppressed the solid tumor growth compared with the vehicle control groups (Figure S5) .
We further examined the property of the LS174T-targeting MsAb in targeting and infiltrating solid tumors in vivo. For this experiment, we constructed a fluorescent version of NAPPA002 by conjugating the fluorescent probe NHS-Cy5.5 to the 5' end of L-DNA3 (see Figure 2a ). The resulting MsAb, (scFv CEA )2-scFv CD3 -Cy5.5, was tested in the LS174T xenograft mouse model. After the implanted tumor (in the right flank of mice) reached ~500 mm 3 , (scFv CEA )2-scFv CD3 -Cy5.5 or PBS (vehicle) was injected intravenously and the mice were imaged at different time points. We found that (scFv CEA )2-scFv CD3 -Cy5.5 rapidly reached the tumor and penetrated into it within one hour, and continued to accumulate at the tumor site, while randomly distributed MsAbs were gradually metabolized (Figure 5a) . (Figure 5b) .
We have shown that multiple scFvs targeting different antigens, linked together by a L-DNA scaffold, is a stable molecular complex that can efficiently induce T-cell -tumor cell engagement in vitro and in vivo. We believe the NAPPA format should have little to no toxicity or immunogenicity in vivo. Comparing with other MsAb formats, the major addition of NAPPA is the linker-L-DNA. The L-form nucleic acids are non-immunogenic and generally not toxic, since they have advanced to clinical trials 19 . The PEG spacer within the PEGylated SMCC linker should have the effect of enhancing stability and reducing aggregation and immunogenicity 23, 24 . The SMCC linker is widely used in preparing antibody drug conjugate (ADC). For example, in the case of the Trastuzumab-SMCC-DM1 ADC that targets HER2, no SMCC-associated immunogenicity or toxicity was reported in clinical trials 25 .
Probably the biggest advantage of the NAPPA method is that it allows the option to prepare and store individual scFv-L-DNA conjugates separately, each targeting one of the known tumor antigens or immune cell activators, and then assemble a prescribed combination of them into MsAb immediately before use. This type of flexibility would be compatible with personalized cancer immunotherapy, as tumor antigen expression can vary substantially among patients. We found that when the concentrations of the scFv-L-DNA conjugates were determined accurately, mixing them at equal molar ratio could generate very homogeneous oligomeric species.
Another notable advantage is that multi-strand DNA assembly affords unlimited possibilities and one of them is achieving higher order oligomers. We used four complementary DNA strands to generate a BsAb containing three scFvs (two anti-CD19 and one anti-CD3). In this case, two DNA strands carried the same scFv CD19 , the third did not carry anything, and the fourth carried scFv CD3 . We note the same set of DNA strands (Figure   2a ) can be used to generate a tetraspecific antibody that targets the tumor cells more specifically by having, for example, two scFvs that bind to two different tumor surface antigens. Even in the current study, having two anti-CD19 scFvs should theoretically achieve greater specificity for CD19 + cells due to avidity effect. Higher order specificity is gaining interest even in therapeutic area outside of immunotherapy. For example, studies have shown that trispecific antibodies targeting three different, highly conserved epitopes of the HIV-1 envelope protein can achieve greater neutralization breadth and potency than single broadly neutralizing antibodies 26, 27 .
Finally, the NAPPA method is, of course, not limited to assembling scFvs. While the assembly modules are nucleic acids, the antigen binding modules can be scFv, nanobody, Fab, or combination of the three. Nanobody, Fab and scFv are generally less stable than IgG, but afford the option of expression in bacteria [28] [29] [30] , which is cultured in inexpensive media.
In conclusion, the NAPPA method represents an entirely different means of generating MsAbs. Although the pharmacokinetics and potential toxicity of antibody-nucleic acid conjugates remain to be rigorously tested in higher animals, our current data suggest that the
MsAbs assembled by NAPPA can engage T-cells and tumor cells similar to the well-known
BsAbs. Therefore, with further optimization, the NAPPA method could potentially be a general solution for generating antibodies with higher order specificity, e.g., trispecific, tetraspecific or higher. Given the ever growing database of effective cancer-specific antigens for immunotherapy, the versatile NAPPA approach potentially also allows rather convenient construction of a library of MsAbs for personalized cancer immunotherapy.
Experimental Section Available in Supporting Information

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. (a) Effect of treating CD19 + Raji cells with NAPPA001 (at various concentration) and hPBMC (E:T ratio 10:1). Cell viability was measured using the LDH detection kit after 2 days of incubation in 96-well plate. Cytotoxicity (%) was calculated as [sample LDH releasebackground LDH release]/[maximum LDH release -background LDH release] × 100, where background LDH release is from Raji cells incubated with hPBMC without MsAbs and maximum LDH release is from Raji cells treated with 1% Triton X-100. (b) Expression levels of CD25 (left) and CD137 (right) on hPBMC cell surface induced by NAPPA001 in the presence of the Raji cells. hPBMC and Raji cells were mixed at E:T ratio of 10:1, followed by the addition of 0.1 pM, 10 pM, or 1 nM of NAPPA001. After 2-day incubation, cells were coimmunostained with anti-CD25 and anti-CD3 antibodies (for detecting CD25 expression on T-cell surface) or anti-CD137 and anti-CD3 antibodies (for detecting CD137 expression), and examined by flow cytometry. (c) Effect of treating CEA + LS174T cells with NAPPA002 (see text) and hPBMC (E:T ratio 10:1). Cell viability was measured as described above. subcutaneously into NSG mice (n = 5) and treated with either PBS (vehicle) in the absence (gray) or presence (black) of PBMC, or PBMC with NAPPA001 (10 µg/mouse) (red) via intravenous injection twice a week starting 3 days after Raji/PBMC co-grafting for 4 weeks. (b) Serologic examination of potential hepatotoxicity of NAPPA001. Serum samples were collected from each group 24 hours after the fourth injection of NAPPA001. AST and ALT levels were examined by ELISA in two duplicates, and mean value was calculated from AST and ALT levels in five mice in each group (n = 5). 
